Electrical and optical properties of p-type CuFe1-xSnxO2 (x = 0.03, 0.05) delafossite-oxide J. Appl. Phys. 113, 023103 (2013) Stoichiometry dependence of resistance drift phenomena in amorphous GeSnTe phase-change alloys J. Appl. Phys. 113, 023704 (2013) Negative refraction and subwavelength imaging in a hexagonal two-dimensional annular photonic crystal J. Appl. Phys. 113, 013109 (2013) The vibrational spectrum of CaCO3 aragonite: A combined experimental and quantum-mechanical investigation J. Chem. Phys. 138, 014201 (2013) Additional information on J. Appl. Phys. Spectral dependence of the pseudodielectric function ͑E͒ = 1 ͑E͒ + i 2 ͑E͒ as well as of the complex refractive index, extinction coefficient, absorption coefficient, and normal-incidence reflectivity of Cu 2 In 4 Se 7 and CuGa 3 Se 5 ordered vacancy compound crystals are modeled in the 0.8-4.4 eV photon energy range using a modification of Adachi's model ͓T. Kawashima et al. J. Appl. Phys. 84, 5202 ͑1998͔͒ for optical properties of semiconductors. Model parameters are determined using the acceptance-probability-controlled simulated annealing method. Excellent agreement with experimental data is obtained; the relative errors for the real 1 and for imaginary 2 part of the dielectric function are equal to 0.9%-1.5% and 3.2%-4.1% for the studied compounds.
I. INTRODUCTION
Chalcopyrite-type semiconductor compounds are superior materials for thin film photovoltaic cells. Laboratory cells based on CuIn 1−x Ga x Se 2 have demonstrated an efficiency up to 19.3%.
1 Recent studies showed the existence of CuIn 3 Se 5 as a segregated secondary phase at the surface of the In-rich CuInSe 2 thin films. Such layer is expected to play an important role in the performance of the high efficiency CuIn 1−x Ga x Se 2 -based solar cells. 2, 3 The Cu 2 In 4 Se 7 ͑I247͒
and CuGa 3 Se 5 ͑G35͒ belong to the I-III-VI family of Cudeficient defect ternary semiconductor compounds with ordered vacancies. These compounds, called ordered vacancy compounds ͑OVCs͒ or ordered defect compounds, attract a lot of attention as the perspective materials for application both in high efficiency photovoltaic devices and in nonlinear optics. Therefore a detailed study of their various physical properties is necessary in order to develop efficient devices. However, so far most of the characteristics of OVC have not been studied in depth. Only some optical properties, mainly the band gaps E g of Cu 2 In 4 Se 7 and CuGa 3 Se 5 thin films 4, 5 and bulk samples [6] [7] [8] [9] [10] have been reported so far.
Spectroscopic ellipsometry ͑SE͒ is recognized as a highly suitable method to determine dielectric functions of semiconductors over a wide energy range. These functions are related to the electronic band structure and can be used as a powerful source of the experimental information on the latter. 11 Recently 
II. THEORETICAL MODEL
Two different methods are usually used to analyze in detail the observed structures of the dielectric function, namely, fitting the numerically differentiated experimental spectrum to analytical line shapes 11, 13 and modeling of measured ͑E͒ spectra, using interband transitions models. [14] [15] [16] In our paper main attention is paid to the latter. The former has been used for our compounds in Ref. 12 Adachi's model dielectric function has been successfully applied to model the dielectric function as well as the optical constants of III-V and I-II-VI 2 compounds. [14] [15] [16] The complex dielectric function as a function of energy E = ប is described by the sum of terms corresponding to one-electron contributions at critical points E 0␣ ͑␣ = A , B , C͒ and E 1␤ ͑␤ = A , B͒, 0 ͑E͒ and 1 ͑E͒, and an additive constant a,
The E 0␣ ͑␣ = A, B, and C͒ gaps in chalcopyrite crystals were assigned to the three-dimensional ͑3D͒ M 0 critical point. Assuming that the valence and conduction bands are parabolic and using the Kramers-Kronig transformation, the contribution of these gaps to 0 ͑E͒ can be written as
In Eq. ͑2͒ 0␣ is the combined density-of-states mass, P 2 0␣ is the squared momentum-matrix element, and ⌫ is the damping energy of the E 0␣ gap. It is worth mentioning that normally, one should calculate the separate contributions from E 0␣ ͑␣ = A, B, and C͒ critical points according to Eq. ͑2͒, but in our case, splitting among these critical points is not observed, and E 0␣ has been treated as a single degenerate one. Contributions of the two-dimensional ͑2D͒ M 0 critical points E 1␤ are given by Adachi's model,
where B 1␤ and ⌫ 1␤ are the strengths and damping constants of the E 1␤ transitions, respectively. Djurisic et al. 17 have proposed the acceptanceprobability-controlled simulated annealing ͑APCSA͒ algorithm to obtain the model parameters. It is known that all fitting routines based on classical optimization algorithms, such as Levenberg-Marqardt or simplex algorithms, require initial parameter values close to the final ones to provide a meaningful solution and it is usually hard to provide good initial values for adjustable parameters of the model. Therefore, to determine accurately the model parameters, one should employ a global optimization routine, such as a simulated annealing algorithm employed in Ref. 17 . Djurisic and Li 16 have modeled the optical constants of hexagonal GaN, InN, and AlN using Adachi's model and obtained good agreement with experimental data. Model parameters are determined using the APCSA algorithm through minimizing the following objective function:
where the summation is performed over the available experimental points and 1
͑E i ͒, and 2 ͑E i ͒ are, respectively, the experimental and calculated values of the real and imaginary parts of complex dielectric function at point E i .
III. RESULTS AND DISCUSSIONS
The real 1 ͑E͒ and imaginary parts 2 ͑E͒ of the pseudodielectric function ͑E͒ = 1 ͑E͒ + i 2 ͑E͒ for Cu 2 In 4 Se 7 and CuGa 3 Se 5 crystals are shown in Figs. 1͑a͒ and 1͑b͒. The structures observed in the ͑E͒ spectra are attributed to interband critical points ͑CP's͒, related to regions of the band structure with large or singular point electronic density of states.
We have applied Adachi's model and APCSA algorithm to our SE data analysis. Figures 1͑a͒ and 1͑b͒ show the real and imaginary parts of the dielectric functions of I247/B, G35B/B, and G35T/B as a function of the energy. The solid circles represent our experimental data, 12 while the solid lines show the dielectric function calculated using Adachi's model. Excellent agreement between our calculations and experimental data can be observed. As an indication of accuracy with respect to experimental values, the relative errors have been calculated. These values are, respectively, about 0.9%-1.5% and 3.2%-4.1% for the real and imaginary parts of the dielectric functions for the studied compounds.
The model parameters A, B, E 0 , E 1A , E 1B , and ⌫ calculated using APCSA algorithm are given in Band structure calculation needed to perform identifications of the observed energy transitions is not available for Cu 2 In 4 Se 7 and CuGa 3 Se 5 . Identifications of the observed energy have been done taking into account the CuInSe 2 and CuGaSe 2 band structure calculations. As it has been established for such compounds, the main transitions contributing to ͑E͒ occur at the Brillouin zone ͑BZ͒ center ͑fundamental gap at ⌫͒ and at the N and T points in the BZ edge ͑predomi-nant upper transitions͒. 19 The energy threshold of the fundamental absorption edge E 0 = E g corresponds to direct transition from the valence band maximum to the conduction band minimum at the center of the BZ ͑G point͒. Our obtained values of E g = 1.125 for I247 and 1.85 eV for and G35 at room temperature ͑Table II͒ are in a reasonable agreement with those obtained from the optical measurements. [4] [5] [6] [7] [8] [9] [10] The variation in the reported values of the band gap of OVC can be attributed to the compositional change. The chalcopyrites and OVCs usually exhibit high tolerance to deviations in stoichiometry. In fact, CuInSe 2 shows band gap values ranging from 0.94 to 1.04 eV. In the region of 2.5-4.6 eV two transitions for I247 and G35 named as E 1 ͑A͒ and E 1 ͑B͒ have been observed. They can be attributed to transitions at the N point in the BZ following Refs. 18 and 19, where ellipsometric data on CuInSe 2 and CuGaSe 2 were analyzed. The energy separation between these two transitions corresponds to the crystal-field splitting of the valence band at the N point. The differences in energy E 1 ͑A͒ − E 1 ͑B͒ are about 1.25 and 1.45 eV for G35 and I247, respectively. The value of about 0.8 eV was reported for CuInSe 2 and CuGaSe 2 crystals. 18, 19 Optical parameters, namely, the complex refractive index n * = n + ik, normal-incidence reflectivity R and the absorption coefficient ␣, can be obtained from the present study in the form of practical functions, since they are directly related to the complex dielectric function ͑E͒ = 1 ͑E͒ + i 2 ͑E͒.
The real refractive index n and extinction coefficient k are given by
.
͑6͒
The absorption coefficient ␣ and normal-incidence reflectivity R can be written as
where is the wavelength of light in the vacuum. Figures 2͑a͒ and 2͑b͒ show the real and imaginary parts of the complex refractive index as a function of energy for Cu 2 In 4 Se 7 and CuGa 3 Se 5 crystals, respectively. Figures 3͑a͒  and 3͑b͒ show the spectral dependence of the absorption coefficient ␣ and normal-incidence reflectivity R for Cu 2 In 4 Se 7 and CuGa 3 Se 5 crystals, respectively. The solid circles represent the experimental data; the solid line is the theoretical dispersion calculated using Adachi's model and APCSA algorithm. A good agreement is observed for the samples studied and especially for G35B/B. All these spectra are found to reveal distinct structures at the CP's in the BZ. It is worth mentioning that the studied samples show a small absorption tail below the fundamental gap edge. The tail may result from defects and grain boundary in polycrystalline material and/or deviation from stoichiometry. 18 The obtained values of the interband CP parameters ͑strength, threshold energy and broadening͒ are given in Table II . It is worth mentioning that the broadening factor decreases as the gallium concentration ͑Ga/ Cu͒ decreases ͑Table II͒. This result following to Ref. 20 , where a similar Table I suggest that the present G35 crystals may also be Cu 3 Ga 7 Se 12 . We concluded that the Ga-based compound is CuGa 3 Se 5 taking into account both the EDAX data and the structural data and the E g data. No possibility to compare our data with Cu 3 Ga 7 Se 12 . Neither the structural nor the E g data are available at present for Cu 3 Ga 7 Se 12 .
IV. CONCLUSIONS
Spectral dependence of the real part 1 ͑E͒ and imaginary part 2 ͑E͒ of the pseudodielectric function ͑E͒ = 1 ͑E͒ + i 2 ͑E͒ as well as of the complex refractive index, extinction coefficient, absorption coefficient, and normal-incidence reflectivity of Cu 2 In 4 Se 7 and CuGa 3 Se 5 crystals are modeled in the 0.8-4.4 eV photon energy range using Adachi's model of optical properties of semiconductors and APCSA algorithm. For the studied compounds, no previous attempts were made to model the experimental data. The excellent agreement with experimental data is obtained over the entire range of photon energy. Model parameters ͑strength, threshold energy, and broadening͒ are determined using the APCSA method. The values of the lowest direct gap ͑E 0 ͒ and higher energy CP's are in a good agreement with those obtained from the numerically differentiated experimental spectra of ͑E͒. The present results offer a valuable set of data for Cu 2 In 4 Se 7 and CuGa 3 Se 5 that can be useful for the design of solar cells based on these compounds. 
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